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Summary
Background: Given the unusual nature of the schistosome surface (a highly unusual lipid bi-layer)
and the central role of the schistosome tegument in host—parasite relations, an enhanced
understanding of the lipid biochemistry of the schistosome surface can be expected to provide
new insights into schistosome pathogenesis and lead to new interventions.
Methods: Bioinformatics approaches including three-dimensional homology modeling, along
with recombinant expression, dimensional gel electrophoresis, immunoblotting, and Southern
hybridizations were employed to characterize a novel lysophospholipase gene transcript from
Schistosoma japonicum.
Results: A transcript encoding a small form lysophospholipase from the egg stage of S. japonicum
was isolated as an expressed sequence tag (EST). The deduced polypeptide included 227 amino
acid residues, shared identity with lysophospholipases of Schistosoma mansoni and Rattus
norvegicus, and esterase A of Pseudomonas fluorescens, appeared to belong to the abhydrolase_2
family of phospholipases and carboxylesterases, and was structurally related to the a/b-hydro-
lases (pfam00561). The S. japonicum enzyme exhibited the GXSXG consensus active site
characteristic of serine proteases, esterases, and lipases, and included the catalytic triad motif
of Ser—Asp—His residues characteristic of serine hydrolases. Three-dimensional structural pre-
dictions accomplished using the coordinates of human acyl protein thioesterase and P. fluorescens
esterase indicated that the putative catalytic triad formed by these three residues was located at
the a/b-hydrolase fold characteristic of the lipases and esterases. Soluble S. japonicum lysopho-
spholipase was expressed in Escherichia coli as a recombinant enzyme of 26 kDa and employed
to raise a mono-specific antiserum. Immunoblot analysis revealed a single 23-kDa band in both
membrane-associated and soluble tissue fractions of adult schistosomes. Southern hybridization
and bioinformatics analyses indicated the likely presence of allelic-specific polymorphisms and/
or two copies of the lysophospholipase gene in the S. japonicum genome.* Corresponding author. Tel.: +1 504 988 4645; fax: +1 504 988 6686.
E-mail address: paul.brindley@tulane.edu (P.J. Brindley).
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Conclusions: A small form lysophospholipase has been characterized from the human schistosome,
S. japonicum. The availability of the recombinant S. japonicum lysophospholipase should facilitate
further characterization of the enzyme, including its substrate and inhibition profiles and its
potential as an interventional target. Schistosome lysophospholipase may represent a new target
for anti-schistosomal chemotherapy given that metrifonate, which targets the related enzyme
acetylcholinesterase, is an effective and safe medicine for treatment of urinary schistosomiasis.
# 2007 International Society for Infectious Diseases. Published by Elsevier Ltd. All rights reserved.Introduction
Schistosomiasis is a chronic and debilitating parasitic disease
that affects 200 million people throughout the world, and in
terms of morbidity and mortality, it is considered the most
important of the human helminthoses.1 New intervention
strategies are needed to control schistosomiasis and its
spread. Because the viable eggs shed by schistosomes are
the cause of much of the pathology associated with schisto-
somiasis, a reduction in worm fecundity or egg-induced
pathology may be sufficient as the goal for vaccine-induced
immunity or chemotherapy of this infection.2 In Schistosoma
mansoni, the etiological agent of intestinal schistosomiasis in
Africa and the western hemisphere, lysophosphatidylcholine
(lyso-PC), a monoacyl phospholipid released by the parasite,
lyses erythrocytes attached to the surface of schistosomula
and may also lyse host effector cells fused with the tegument
membrane, which may play an important role in the para-
site’s self-defense mechanism.3,4 The lipid composition of
the tegumental membranes of S. mansoni includes schisto-
some-specific phosphatidylcholine (PC) and phosphatidy-
lethanolamine (PE), and the unusual fatty acid, 5-
octadecenoic acid (C18:1D5), which is absent from mamma-
lian (host) blood.5,6 Glycolipids from schistosomes trigger
both innate and humoral responses,7 and schistosome lyso-
phosphatidylserine (lyso-PS) modulates the host immune
reaction by the induction of a regulatory T-cell response
characterized by elevated interleukin-10.8 Given the unusual
nature of the schistosome surface (a highly unusual lipid bi-
layer) and the central role of the schistosome tegument in
host—parasite interactions,9 an enhanced understanding of
the lipid composition of the schistosome surface and its
metabolism can be expected to lead to new insights into
schistosome pathogenesis.
Lysophospholipases (EC number 3.1.1.5) play an impor-
tant role in regulating a variety of cellular reactions in
phospholipid metabolism, and in particular, lysophospho-
lipases regulate the cytotoxic lysophospholipid concentra-
tions in the cell by converting lysophospholipids to
glycerophosphodiester and fatty acids.10 Lysophospholi-
pase plays a central role in homeostasis of lyso-PC: lyso-
phospholipase hydrolyzes lyso-PC to saturated fatty acid
and sn-glycerol-3-phosphocholine (GPC). Lyso-PC, the
active lipid in the cell, is a derivative of lecithin, which
causes an expansion of many cells in the stomach and
intestinal walls, allowing rapid uptake of many nutrients,
including glutamine and creatine monohydrate in mam-
mals. Lysophospholipases can be classified as large form
enzymes (60 kDa) that generally exhibit hydrolytic and
transacylase activities and small form enzymes (16.5—
28 kDa) that possess hydrolytic activity.11 Small formenzymes have been purified and characterized from
rat,12 mouse,13 and as esterase A from Pseudomonas fluor-
escens.14 Lysophospholipase from Plasmodium falciparum
has attracted attention as a potential new target for anti-
malarial chemotherapy because its activity can be inhib-
ited by the anti-malarial drugs quinacrine and quinine and
the sulfhydryl reagents r-hydroxymercuribenzoate (rHMB)
and thimerosal.15 A clone from an egg stage cDNA library of
S. japonicum contained a full length of open reading frame
(ORF) encoding a putative small form lysophospholipase.16
In this report we present the cloning, sequence analysis,
recombinant expression in Escherichia coli, immunological
and genomic sequence analysis of this schistosome lyso-
phospholipase.
Materials and methods
Expressed sequence tags (ESTs), bioinformatics
approaches, and Southern hybridizations
An expressed sequence tag (EST) (clone E71, GenBank Acces-
sion No. AF091539) was obtained from an S. japonicum
Philippine strain egg stage cDNA library.16 Plasmid DNA from
the clone E71 was isolated and sequenced on both strands.
The insert sequence of 1099 bp was employed as the query
used to search the non-redundant protein and nucleotide
public databases using blastx at http://www.ncbi.nlm.
nih.gov and BLOCKS at http://blocks.fhcrc.org.17,18 Related
sequences from Chinese strain S. japonicum were identified
in GenBank. Structural analysis of predicted polypeptides for
the presence of signal peptides and transmembrane domains
was undertaken using the tools at http://www.cbs.dtu.dk/
services/SignalP and http://www.ch.embnet.org/software/
TMPRED_form.html, respectively.19,20 Optical alignment of
sequences was accomplished with assistance from the Pileup
and Prettyplot programs of the Accelrys GCG software pack-
age.21 Southern hybridizations were carried out using inserts
of the recombinant plasmids (see below) as probes. Isolation
of S. japonicum genomic DNA of both a Chinese isolate (from
Anhui Province) and a Philippine isolate (from Sorsogon
Province, Luzon), purification and labeling of probes with
a32P-dCTP, and hybridization and washing of filters, were
carried out as described.22
Homology modeling
A putative three-dimensional (3-D) structure of the S. japo-
nicum lysophospholipase was assembled using the co-ordi-
nates of P. fluorescens esterase (Protein Data Bank (PDB)
number 1AUO) and human acyl protein thioesterase 1 (1FJ2)
as templates.23,24 Homology models were generated in the
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tures viewed using Swiss pdbViewer and RasMol for Win-
dows.25,26
Over-expression in Escherichia coli and
purification of recombinant lysophospholipase;
monospecific antiserum
To characterize the predicted lysophospholipase of egg
stage S. japonicum encoded by clone E71, the cDNA was
amplified by PCR with gene-specific primers, 50CTG-
GGATCCGCTAACAAACTATTGC30 and 50CTGGGTACCGGTGT-
TGCAACTCG 30, which incorporated 50- and 30-sites for the
restriction enzymes, BamH I and Kpn I, respectively. PCR
products were ligated into the bacterial expression vector,
pQE30 (Qiagen). A small scale E. coli culture was induced for
recombinant protein expression using 1 mM isopropylthio-b-
D-thiogalactopyranoside (IPTG) at 37 8C for 4 hours with
shaking. Larger scale production and purification of the
recombinant six-histidine-tagged S. japonicum lysophospho-
lipase was carried out as recommended for pQE30 by the
manufacturer (Qiagen). A single-step purification of appar-
ently soluble recombinant S. japonicum lysophospholipase
was accomplished using native buffers, and affinity purifica-
tion on Ni—NTA Superflow resin (Qiagen). To produce a
monospecific polyclonal antiserum to schistosome lysopho-
spholipase, three intramuscular immunizations of a New
Zealand white rabbit were conducted over a period of 28
days using 200 mg of Quil A (Superfos Biosector a/s, Denmark)
as adjuvant and 2 mg of recombinant lysophospholipase in a
final volume of 300 ml. Blood samples were obtained from the
marginal vein of the ear at intervals after boosting, and sera
from the blood of the immunized rabbit aliquoted and stored
at 80 8C until needed.
Soluble and membrane associated proteins;
immunoblots
About two hundredmixed sex adult worms of a Chinese isolate
of S. japonicum were disrupted by sonication in 1 ml of lysis
buffer (50 mM NaCl and 20 mM Tris, pH 8.0, plus protease
inhibitors (5 mM EDTA, 1 mM AEBSF (4-(2-aminoethyl)-benze-
nesulfonylfluoride), 1 mM pepstatin, 100 mM iodoacetamide)).
Subsequently, the lysate was centrifuged at 10 000  g for
15 min, and the supernatant was removed and retained. The
pelletwas suspended in SDS-PAGE sample buffer (2% SDS, 5%b-
mercaptoethanol in 62 mM Tris-HCl, pH 6.8) to obtain a mem-
brane-associated extract. Samples of the soluble (superna-
tant) and membrane fractions were subjected to SDS-PAGE on
10%slabgels, afterwhichthegelswere stainedwithCoomassie
blue R-250 or the resolved proteins electro-transferred to
nitrocellulose filters for immunoblot analysis. After electro-
transfer, the filters were rinsed in 10 mM Tris, pH 8.0, 150 mM
NaCl, 0.05% Tween 20 (TBST), and unbound sites blocked by
incubation in 1% bovine serum albumin (BSA) in TBST buffer for
1 h at 37 8C. Subsequently, the membranes were incubated in
rabbit anti-recombinant S. japonicum lysophospholipase
serum, diluted 1:4000, for 1 h at 37 8C. After thoroughwashing
with TBST, blots were probed with horseradish peroxidase-
conjugated goat anti-rabbit IgG (H+L) (Bio-Rad) diluted
1:10 000 in TBST for 1 h at 37 8C.We employed the method of Rabilloud et al.27 for two-
dimensional gel/immunoblot analysis. Briefly, 200 S. japo-
nicum (Chinese strain) adult worms of mixed sex were homo-
genized in 8 M urea, 4% CHAPS (3-[(3-cholamidopropyl)-
dimethylammonio]propanesulfonate), 100 mM dithiothreitol
(DTT), subjected to sonication, and the lysate clarified by
centrifugation (14 000  g, 30 min, 4 8C). The supernatant
was dispensed into rehydration solution (8 M urea, 1% CHAPS,
100 mM DTT, 0.5% Pharmalytes pH 3—10, 0.1 mg/ml orange
G) and a 200 ml (100 mg protein) aliquot was used to
rehydrate each IPG (immobilized pH gradient) strip (pH 3—
10) (Dry Strip Kit, Pharmacia Biotech). Isoelectric focusing
(IEF) and subsequent SDS-PAGE on 0.5 mm ExcelGel SDS
gradient 8—18% polyacrylamide gels (Pharmacia Biotech)
was accomplished according to the procedures recom-
mended by the manufacturer. A 25-ml (12.5 mg) aliquot
of the same S. japonicum sample was loaded onto one end
of the same ExcelGel to serve as a single-dimensional SDS-
PAGE control. After electrophoresis, the proteins resolved in
two dimensions (2-D) were stained with silver or electro-
transferred to nitrocellulose filters.28 The filters were pro-
cessed for Western hybridization as above but with dilutions
of rabbit anti-lysophospholipase antibody and horseradish
peroxidase-conjugated goat anti-rabbit IgG (H+L) at 1:4000
and 1:3000, respectively. Subsequently, the nitrocellulose
was washed three times with TBST and incubated in Renais-
sance Western blot chemiluminescence reagent (NEN Life
Science Products) for 1 min, briefly air-dried, and exposed to
X-ray film (Kodak).
Results and discussion
Expressed sequence tag and nucleotide sequence
encoding a 24.8-kDa lysophospholipase
ESTs were generated from S. japonicum cDNAs as
described.16 Among the ESTs from the egg stage of a Phi-
lippine strain of S. japonicum, the nucleotide sequence of a
clone termed E71 showed identity to lysophospholipases
from S. mansoni and rat, and esterase A from P. fluorescens.
The 30- and 50-end sequences of the clone E71 were deter-
mined, which revealed an insert of 1099 bp that encoded a
deduced ORF at nucleotide positions 39—720 encoding a
polypeptide of 227 amino acid residues, with a calculated
molecular mass of 24 842.62 Daltons and predicted pI of
7.06. The ORF was followed by a 379-bp untranslated region
terminating in a poly (A) tail. BLASTsearches indicated that
the identity of the putative polypeptide was that of a small
form lysophospholipase that included hallmark GXSXG and
XHGX peptide motifs necessary for catalysis.23,24 We
assumed the ATG codon at the positions 39—41 was the
translational initiation codon because the calculated mole-
cular mass of the deduced amino acid sequence was con-
sistent with, or 1.8 kDa larger, than the size of the native
enzyme predicted by immunoblot analysis (below). Also,
when the sequence was aligned with sequences from other
eukaryotic and prokaryotic organisms, the start codon was
best matched with that of S. mansoni and human (Figure 1;
Supplementary Figure S1A), even though there is another
start codon upstream from this position within the
sequence from the closely related schistosome S. mansoni.
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Figure 1 Optimal alignment of the deduced amino acid sequences of lysophospholipases. The sequences of lysophospholipases were
from Schistosoma japonicum Philippine isolate (AF091539), Schistosomamansoni (AF006678), rat (D63885), mouse (BAE27497), human
(AAH08652, CAB40158), Caenorhabditis elegans (CAB00042), Saccharomyces cerevisiae (AAS56265), Trypanosoma cruzi (EAN89361,
EAN97462), Leishmania major (CAJ05251), and that of esterase A from Pseudomonas fluorescens (JU0277). The sequence of the
lysophospholipase of an S. japonicum Chinese isolate was assembled from nine expressed sequence tags (ESTs), BU716073, BU767946,
BU803853, BU719854, BU714069, BU798775, BU766962, BU722976, and BU717676. Gaps were inserted to maximize alignment. Shaded
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paratively hydrophilic and predicted the presence of two
hydrophobic regions, which are possibly associated with the
active site and the tertiary structure of the enzyme (Sup-
plementary Figure S1B). The sequence of the S. japonicum
Philippine strain lysophospholipase has been assigned Gen-
Bank Accession No. AF091539.
Sequence similarity to Schistosoma mansoni and
rat lysophospholipases and Pseudomonas
fluorescens esterase A
We searched the non-redundant databases of nucleotide
acid and protein databases using the BLAST algorithm. The
lysophospholipases from S. mansoni, human, rat, and sev-
eral other organisms, as well as an esterase A from P.
fluorescens shared significant sequence similarity to the
enzyme, as illustrated in the alignment present in
Figure 1. The enzyme showed 87% identity and 96% similarity
to S. mansoni lysophospholipase,30 43% identity and 64%
similarity to rat lysophospholipase,31,32 and 27% identity
and 47% similarity to P. fluorescens esterase A.13,23 The
two S. japonicum sequences (of Philippine and Chinese
origin) were 98% identical, differing at five amino acid
residues. The sequence of the S. japonicum Chinese isolate
lysophospholipasewas assembled fromnine ESTs, BU716073,
BU767946, BU803853, BU719854, BU714069, BU798775,
BU766962, BU722976, and BU717676 (Supplementary Figure
S2). The S. japonicum lysophospholipase sequence included
the active site serine motif, GXSXG, which is highly con-
served among esterases, lipases, and serine proteases33 at
similar positions, and the HG dipeptide, characteristic of
many lipases, at 70—100 amino acids NH2-terminal of the
catalytic site serine.34 The apparent orthologues from the
two schistosome species, S. japonicum and S.mansoni, share
a high level of sequence identity at the amino acid level,
indicating strong functional conservation as the two schisto-
some species diverged. The catalytic triad of residues,
Ser116—Asp172—His205, was identified by sequence align-
ment (Figure 1), supported by homology modeling (below),
and it conforms to the Ser—Asp—His catalytic triad as
demonstrated previously by mutation analysis on the active
site of monoglyceride lipases.35 Clearly, the S. japonicum
lysophospholipase belongs to an abhydrolase_2 family,
which consists of both phospholipases and carboxylesterases
with broad substrate specificity and is structurally related to
a/b-hydrolases 1 (pfam00561) (http://www.sanger.ac.uk/
cgi-bin/Pfam/getacc?PF00561).36
Homology modeling of the lysophospholipase
To characterize the hydrolytic pocket occupied by the puta-
tive catalytic triad, formed by the Ser116, Asp172, and
His205 residues of the S. japonicum lysophospholipase
(Figure 1), the 3-D structure of the enzyme was predicted
using the coordinates of P. fluorescens esterase A (1AUO) andareas represent conservedaminoacids.Thenumbers indicate theamin
letters,whereas less conserved aminoacids are represented by lower c
GXSXG and the XHGX dipeptide are indicated with underlines, and the
diamonds. The five amino acid replacements between the S. japonicuhuman acyl protein thioesterase 1 (1FJ2) as templates
(Figure 2). The predicted structure of the lysophospholipase
revealed that it shares a similar three-dimensional fold,
called the a/b-hydrolase fold characteristic for lipases and
esterases37 (Figure 2, A—C). This fold consists of a central
b-sheet, surrounded by a variable number of a-helices, and
the catalytic triad, composed of a serine, a carboxylic acid,
and a histidine. The active site serine of the S. japonicum
lysophospholipase, likely to be Ser116, of the catalytic triad
was part of a characteristic GXSXG consensus sequence
(here GFSQG, Figure 1). These secondary structures are
indicated in color in the 3-D ribbon model - sheets (yellow),
helices (red), turns (green), and unpredicted (purple)
(Figure 2, A and B). Differences between the two S. japo-
nicum isolates (Philippine and Chinese) are indicated in
Figure 2B; the differences appear to be outside the catalytic
active site pocket. The stick and ball structure highlights
the residues Ser116—Asp172—His205 that likely form the
active site of this schistosome serine hydrolase (Figure 2, C
and D). The catalytic triad has been proved through muta-
genesis of monoglyceride lipase from rat and crystallization
of esterase A from P. fluorescens.23,35 There are four groups
of enzymes containing catalytic triads: the eukaryotic ser-
ine proteases, the cysteine proteases, the subtilisins, and
the a/b-hydrolase fold enzymes.37 Lysophospholipase
represents one of these groups.38
Expression of schistosome lysophospholipase in
Escherichia coli and affinity purification using
nickel—NTA resin
In order to confirm that the ORF encoding the S. japonicum
lysophospholipase was expressed in vivo, two PCR primer
pairs were designed with either a BamH I or Kpn I restriction
endonuclease site at their 50 ends. The PCR amplicon, span-
ning the entire coding region of clone E71, was cleaved with
BamH I and Kpn I, and the fragment obtained subcloned into
the bacterial expression plasmid, pQE30. The resulting clone,
lyso-pQ30, containing nucleotide acid positions 43—754 of
cDNA, encoded amino acid positions 2—227 (Figure 1) as a six-
histidine-tagged fusion protein (1.5 kDa six-His-tag plus
24.8 kDa). This plasmid was introduced into E. coli strain
M15, and one of the transformants induced with IPTG to
express the six-His-tagged protein. M15 strain cells were
disrupted by sonication and the extract was assayed by
SDS-PAGE to determine its solubility (Figure 3A). As shown
in Figure 3A, the protein was expressed in the soluble fraction
and hence the purification of the protein was carried out
under native conditions. The protein was affinity purified on
Ni—NTA resin (Figure 3B), with a yield of10 mg/l. Themajor
band eluted displayed a size in accord with the molecular
mass predicted from the cDNA sequence and a histidine tag,
i.e., a 26-kDa lysophospholipase. The expression of the S.
japonicum lysophospholipase in E. coli as a soluble protein
apparently opens the way to enzymatic and crystallization
studies, which may help in the elucidation of the biologicaloacidpositions.Conservedaminoacidsare indicatedbyuppercase
ase letters at the foot of the alignment. The active site serinemotif
putative hydrolase active site residues, S—D—H, are marked with
m Chinese and Philippine isolates are indicated with arrowheads.
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Figure 2 Predicted 3-D structure of Schistosoma japonicum lysophospholipase. The coordinates of human acyl protein thioesterase 1
(PDB 1FJ2) and Pseudomonas fluorescens esterase A (1AUO) were utilized to homology model the S. japonicum lysophospholipase, and
structures shown are presented using Swiss-PdbViewer (version 3.7) and RasMol. (A) Homology modeling of S. japonicum lysopho-
spholipase using human acyl protein thioesterase as a template (chain A, yellow; chain B, blue). (B) Mapping of amino acid
replacements (purple spacefill) between S. japonicum Philippine strains (Sj-Ph) and Chinese strains (Sj-Cn) on a 3-D structure. (C)
A 3-D ribbon model of S. japonicum lysophospholipase, showing the secondary structure and the putative catalytic triad where red
represents a-helix; yellow, b-sheet; green, turns; and purple the unpredicted residues. (D) A cut-out highlight of the pocket that
includes the catalytic triad residues, Ser116—Asp172—His205 of the S. japonicum lysophospholipase, shown as ball-and-stick
structures.function and importance of this schistosome enzyme as a
potential intervention target.Immunological analysis of the native
lysophospholipase
To produce a polyclonal monospecific antiserum, the pur-
ified six-histidine-tagged protein was employed as antigento immunize a rabbit. By Western, the rabbit antiserum
reacted positively with a 23-kDa polypeptide present in
both soluble and SDS-extracted fractions of adult worms
of both the S. japonicum Chinese and Philippine strains
(Figure 4). In addition to the 23-kDa protein, the antiserum
detected an antigen of 46 kDa in the SDS-extract from the
Philippine strain. This may represent a homodimeric form of
the enzyme, as reported for closely-related enzymes includ-
ing human acyl protein thioesterase I.23,24 There was no
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Figure 4 (A) Immunoblot analysis: soluble and SDS-buffered
extracts of Schistosoma japonicum adult worms of Chinese
(lanes 2 and 3) and Philippine (lanes 4 and 5) isolates were
subjected to 10% SDS-PAGE and then electro-transferred to
nitrocellulose. The blot was incubated with rabbit anti-recom-
binant lysophospholipase antibodies, followed by alkaline phos-
phatase-labeled anti-rabbit IgG as second antibodies. Lanes 6
and 7 represent negative controls involving S. japonicum Phi-
lippine strain extracts probed (lane 6) or not probed (lane 7) with
pre-immunization serum before probing with the anti-rabbit IgG
antibody. Molecular mass standards in kDa are indicated (lane 1).
The arrows indicate the position of the schistosome lysopho-
spholipase. (B) Two-dimensional Western blot analyses of S.
japonicum Chinese adult worm proteins recognized by rabbit
anti-recombinant lysophospholipase antiserum. Adult worm
(Chinese S. japonicum) antigens were subjected to 2-D gel
electrophoresis (IEF/SDS-PAGE) and the separated proteins were
transferred to nitrocellulose. Nitrocellulose with transferred
proteins was subjected to immunoblot analysis with rabbit
anti-S. japonicum lysophospholipase as the primary antibody.
Only the region where antibodies recognized S. japonicum (Chi-
nese strain) proteins is presented. A single isoelectric form of
23 kDa in the acidic region of the gel (panel 1) was evident; in
the control panel (panel 2) a band with apparently similar 23 kDa
(indicated by arrow) was also recognized by the same antiserum.
Figure 3 Expression and affinity purification of Schistosoma
japonicum lysophospholipase. (A) Analysis of expression of the S.
japonicum lysophospholipase polypeptide in an Escherichia coli
expression system (pQE30) by SDS-PAGE under reduction condi-
tions and Coomassie blue staining. Lane 1: molecular mass
markers in kDa; lane 2: non-induced control; lane 3: induced
control; lane 4: supernatant; lane 5: pellets. Arrow indicates the
lysophospholipase. (B) Affinity purification of E. coli-expressed S.
japonicum lysophospholipase on Ni—NTA Superflow resin. Lane 1:
molecular mass standards in kDa; lanes 2 and 3: elution tubes 1
and 2; lanes 4—10: elution tubes 27—33. Six-His-tagged recom-
binant S. japonicum lysophospholipase (24.8 kDa) was partially
purified from cleared lysate derived from 1 liter induced E. coli
culture on 5 ml of Ni—NTA Superflow in a 1-cm column at 2 ml/
min. Total yield was 10 mg/l.reaction in the parasite extracts using the pre-immunization
serum (Figure 4A). The difference between the predicted
(24.8 kDa) and experimentally determined (23 kDa) mole-
cular mass may be due to post-translational modification or
structure inherent in the recombinant lysophospholipase.
These results also suggest that the recombinant enzyme
shares an epitope identical to the native lysophospholipase,
and suggest strain-specific differences in immunoreactivity
with the anti-recombinant lysophospholipase serum. Strain-
specific amino acid differences are present between the
Chinese and Philippine strains as shown above (Figure 1),
and in addition strain-specific differences in several other S.
japonicum enzymes including cathepsin L have been docu-
mented.39
Two-dimensional gel analysis
Schistosoma japonicum (Chinese strain) adult worm antigens
were resolved by 2-D IEF/SDS-PAGE and immunoblotting with
rabbit anti-recombinant lysophospholipase serum
(Figure 4B). The antiserum recognized only one antigen, of
apparent molecular mass 23 kDa in the acidic region of the
gel, with an isoelectric point of 6.5. This spot was not
recognized by control sera including normal rabbit serum
or a rabbit antiserum prepared against an irrelevant S.
japonicum recombinant protein expressed with a six-histi-
dine tag (not shown). The molecular mass of the native
enzyme was approximately the same as the 24.8 kDa pre-dicted from the deduced amino acid sequence, while the
isoelectric point of 6.5 was slightly more acidic than the pI
value of 7.06 predicted for clone E71 lysophospholipase
(above). In addition to the major form (b), there was also
a minor form (a) with an even more acidic pI (Figure 4B).
These results suggest the presence of major and minor iso-
forms of lysophospholipase in S. japonicum. The 2-D immu-
noblot analysis in combination with the immunoassay findings
on the native molecule (see above) may indicate that the
native form of lysophospholipase undergoes post-transla-
tional modifications. With some mammalian tissues, isoforms
of small form lysophospholipases are often chromatographi-
cally or immunologically distinguishable, with slightly differ-
ent molecular masses and/or isoelectric points.40,41 Since
recent proteome analysis of the tegument of adult schisto-
somes demonstrated the presence of lysophospholipase both
150 J. Fan et al.
Figure 5 Genomic structure of lysophospholipase from Schis-
tosoma japonicum. (A) Southern hybridization analysis employ-
ing the labeled insert of plasmid E71 (EcoR I/Xho I) as the probe.
Lanes 1 and 3, genomic DNA (3 mg) from S. japonicum Chinese
strain was digested with EcoR I and Xba I, respectively; lanes 4
and 6: genomic DNA (3 mg) from S. japonicum Philippine strain
was digested with EcoR I and Xba I; lanes 2 and 5, uncut genomic
DNA (3 mg). (B) Diagram of the predicted genomic copy(s) of
lysophospholipase encoding gene.in the tegument and in deeper tissues of adult schisto-
somes,39,42 and given our present findings with isoforms of
the enzyme, schistosome lysophospholipase may be distrib-
uted both in tegumental membranes and in other sites of
these parasites.Schistosoma japonicum lysophospholipase is
encoded by either two genomic copies or a single
copy with allelic polymorphisms
For Southern hybridization analysis, the insert of clone E71
was radiolabeled and employed to probe cleaved genomic
DNAs from both Chinese and Philippine strains of S. japoni-
cum. One band of hybridization of5 kb with EcoR I digestion
and two bands with Xba I digestion (20 kb, 9 kb) were
apparent (Figure 5A). Since neither EcoR I nor Xba I cut within
the probe, these findings suggest that either the S. japonicum
genome includes two copies of lysophospholipase-encoding
genes or that there are allelic polymorphisms with a single
gene locus. Figure 5B illustrates these two possibilities. Our
findings that demonstrate changes in the primary structure of
the enzyme between isolates from different geographical
locations certainly support the presence of alleles at this
locus, and as noted above allelic and antigenic differences
have been shown to be widespread among S. japonicum
genes.39Concluding remarks
A transcript encoding a small form lysophospholipase from
S. japonicum egg has been cloned, sequenced, and char-
acterized. The enzyme was over-expressed in soluble form
in E. coli. Sequence analysis and homology modeling
revealed that the predicted protein had a catalytic triad
of hydrolase, formed by three residues, Ser116—Asp172—
His205. Immunoblot analysis demonstrated that there were
strain-specific immunologic reactions between Chinese and
Philippine strains of S. japonicum. Two-dimensional gel
electrophoresis analysis provided evidence of a major
and minor isoform of lysophospholipase in S. japonicum.
These analyses also indicated that the native lysophospho-
lipase may be post-translationally modified. The availabil-
ity of the recombinant S. japonicum lysophospholipase
should facilitate further characterization of the enzyme,
including its substrate and inhibition profiles and its
potential as an interventional target. Schistosome lysopho-
spholipase may represent a new target for anti-schistoso-
mal chemotherapy given that metrifonate, which targets
the related enzyme acetylcholinesterase, is an effec-
tive and safe medicine for treatment of urinary schistoso-
miasis.43
Sequences described herein have been assigned GenBank
Accession No. AF091539.
Acknowledgments
We thank Mary Duke for maintenance of the schistosome life
cycle. Maintenance of schistosome-infectedmice was carried
out with the approval of the animal care and ethics commit-
tee of the Queensland Institute of Medical Research. This
work received support from the Australian National Health
and Medical Research Council (grant number 941020) and the
Tropical Disease Research (TDR) Branch, of the World Health
Organization (grants ID 93 0721 and ID 981115). PJB is a
recipient of a Burroughs Wellcome Fund Scholar Award in
Molecular Parasitology.
Conflict of interest: No conflict of interest to declare.Appendix A. Supplementary data
Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.ijid.2007.
05.005.
References
1. Hotez PH, Molyneux DH, Fenwick A, Ottesen E, Sachs SE, Sachs
JD. Incorporating a rapid-impact package for neglected tropical
diseases with programs for HIV/AIDS, tuberculosis, and malaria.
PLoS Med 2006;3:e102.
2. Bergquist R, Utzinger J, Chollet J, Xiao SH, Weiss AN, Tanner M.
Triggering of high-level resistance against Schistosoma mansoni
reinfection by artemether in the mouse model. Am J Trop Med
Hyg 2004;71:774—7.
3. Remold HG, Mednis A, Hein A, Caulfield JP. Human monocyte-
derived macrophages are lysed by schistosomula of Schistosoma
mansoni and fail to kill the parasite after activation with inter-
feron gamma. Am J Pathol 1988;131:146—55.
Lysophospholipase from Schistosoma japonicum 1514. Furlong ST, Caulfield JP. Schistosoma mansoni: synthesis and
release of phospholipids, lysophospholipids, and neutral lipids
by schistosomula. Exp Parasitol 1989;69:65—77.
5. Brouwers JF, Versluis C, van Golde LM, Tielens AG. 5-Octadece-
noic acid: evidence for a novel type of fatty acid modification in
schistosomes. Biochem J 1998;334:315—9.
6. Brouwers JF, van Hellemond JJ, van Golde LM, Tielens AG. Ether
lipids and their possible physiological function in adult Schisto-
soma mansoni. Mol Biochem Parasitol 1998;96:49—58.
7. van der Kleij D, Tielens AG, Yazdanbakhsh M. Recognition of
schistosome glycolipids by immunoglobulin E: possible role in
immunity. Infect Immun 1999;67:5946—50.
8. van der Kleij E, Latz E, Brouwers JF, Kruize YC, Schmitz M, Kurt-
Jones EA, et al. A novel host—parasite lipid cross-talk. Schisto-
somal lyso-phosphatidylserine activates toll-like receptor 2 and
affects immune polarization. J Biol Chem 2002;50:48122—9.
9. van Hellemond JJ, Retra K, Brouwers JF, van Balkom VW, Yaz-
danbakhsh M, Shoemaker CB, et al. Functions of the tegument of
schistosomes: clues from the proteome and lipidome. Int J
Parasitol 2006;36:691—9.
10. Weltzien HU. Cytolytic and membrane-perturbing properties of
lysophosphatidylcholine. Biochim Biophys Acta 1979;559:
259—87.
11. Waite M. Biochemistry of lipids, lipoproteins and membranes.
Amsterdam: Elsevier BV; 1991. p. 269—95.
12. Sugimoto H, Hayashi H, Yamashita S. Purification, cDNA cloning,
and regulation of lysophospholipase from rat liver. J Biol Chem
1996;271:7705—11.
13. Wang A, Deems RA, Dennis EA. Cloning, expression, and catalytic
mechanism of murine lysophospholipase I. J Biol Chem
1997;272:12723—9.
14. Hong KH, Jane WH, Choe KD, Yoo OY. Characterization of Pseu-
domonas fluorescens carboxylesterase: cloning and expression
of the esterase gene in Escherichia coli. Agric Biol Chem
1991;55:2839—45.
15. Zidovetzki R, Sherman IR, Prudhomme J, Crawford J. Inhibition
of Plasmodium falciparum lysophospholipase by anti-malarial
drugs and sulphydryl reagents. Parasitology 1994;108:249—55.
16. Fan J, Minchella DJ, Day SR, McManus DP, Tiu WU, Brindley PJ.
Generation, identification, and evaluation of expressed
sequence tags from different developmental stages of the Asian
blood fluke Schistosoma japonicum. Biochem Biophys Res Com-
mun 1998;252:348—56.
17. Altschul SF, Madden TL, Schaffer AA, Zhang J, Zhang Z, Miller W,
et al. Gapped BLASTand PSI-BLAST: a new generation of protein
database search programs. Nucleic Acids Res 1997;25:
3389—402.
18. Henikoff S, Henikoff JG. Protein family classification based on
searching a database of blocks. Genomics 1994;19:97—107.
19. Bendtsen JD, Nielsen H, von Heijne G, Brunak S. Improved
prediction of signal peptides: SignalP 3.0. J Mol Biol 2004;340:
783—95.
20. Hofmann K, Stoffel W. TMbase–—A database of membrane span-
ning proteins segments. Biol Chem Hoppe-Seyler 1993;374:166.
21. Devereux J, Haeberli P, Smithies O. A comprehensive set of
sequence analysis programs for the VAX. Nucleic Acids Res
1984;12:387—95.
22. Laha T, Brindley PJ, Verity CK, McManus DP, Loukas A. pido, a
non-long terminal repeat retrotransposon of the chicken repeat
1 family from the genome of the Oriental blood fluke, Schisto-
soma japonicum. Gene 2002;284:149—59.
23. Kim KK, Song HK, Shin DH, Hwang KY, Choe S, Yoo OJ, et al.
Crystal structure of carboxylesterase from Pseudomonas fluor-
escens, an alpha/beta hydrolasewith broad substrate specificity.
Structure 1997;5:1571—84.24. Devedjiev Y, Dauter Z, Kuznetsov SR, Jones TL, Derewenda ZS.
Crystal structure of the human acyl protein thioesterase I from a
single X-ray data set to 1.5 A´˚. Structure 2000;8:1137—46.
25. Guex N, Peitsch MC. SWISS-MODEL and the Swiss-PdbViewer: an
environment for comparative protein modeling. Electrophoresis
1997;18:2714—23.
26. Sayle RA, Milner-White EJ. RASMOL: biomolecular graphics for
all. Trends Biochem Sci 1995;20:374.
27. Rabilloud T, Valette C, Lawrence JJ. Sample application by in-gel
rehydration improves the resolution of two-dimensional electro-
phoresis with immobilized pH gradients in the first dimension.
Electrophoresis 1994;15:1552—8.
28. Heukeshoven J, Dernick R. Improved silver staining procedure
for fast staining in PhastSystem Development Unit. I. Staining of
sodium dodecyl sulfate gels. Electrophoresis 1998;9:28—32.
29. Kyte J, Doolittle RF. A simple method for displaying the hydro-
pathic character of a protein. J Mol Biol 1982;157:105—32.
30. Hamdan FF, Ribeiro P. Cloning and sequence analysis of a lysopho-
spholipase homologue from Schistosoma mansoni. Parasitol Res
1998;84:839—42.
31. Sugimoto H, Odani S, Yamashita S. Cloning and expression of
cDNA encoding rat liver 60-kDa lysophospholipase containing an
asparaginase-like region and ankyrin repeat. J Biol Chem
1998;273:12536—42.
32. Han JH, Stratowa C, Rutter WJ. Isolation of full-length putative
rat lysophospholipase cDNA using improved methods for mRNA
isolation and cDNA cloning. Biochemistry 1987;26:1617—25.
33. Brenner S. The molecular evolution of genes and proteins: a tale
of two serines. Nature 1998;334:528—30.
34. Feller G, Thiry M, Gerday C. Nucleotide sequence of the lipase
gene lip2 from the Antarctic psychrotroph Moraxella TA144 and
site-specific mutagenesis of the conserved serine and histidine
residues. DNA Cell Biol 1991;10:381—8.
35. Karlsson M, Contreras JA, Hellman U, Tornqvist H, Holm C. cDNA
cloning, tissue distribution, and identification of the catalytic
triad of monoglyceride lipase. Evolutionary relationship to
esterases, lysophospholipases, and haloperoxidases. J Biol Chem
1997;272:27218—23.
36. Finn RD, Mistry J, Schuster-Bo¨ckler B, Griffiths-Jones S, Hollich V,
Lassmann T, et al. Pfam: clans, web tools and services.Nucl Acids
Res 2006;34:D247—51.
37. Ollis DL, Cheah E, Cygler M, Dijkstra B, Frolow F, Franken SM,
et al. The alpha/beta hydrolase fold. Protein Eng 1992;5:
197—211.
38. Taylor P, Radic Z. The cholinesterases: from genes to proteins.
Annu Rev Pharmacol Toxicol 1994;34:281—320.
39. Liu F, Lu J, Hu W, Wang SY, Cui SJ, Chi M, et al. New perspectives
on host—parasite interplay by comparative transcriptomic and
proteomic analyses of Schistosoma japonicum. PLoS Pathog
2006;2:e29.
40. Garsetti D, Holtsberg F, Steiner MR, Egan RW, Clark MA. Butyric
acid-induced differentiation of HL-60 cells increases the expres-
sion of a single lysophospholipase. Biochem J 1992;288:
831—7.
41. Sunaga H, Sugimoto H, Nagamachi Y, Yamashita S. Purification
and properties of lysophospholipase isoenzymes from pig gastric
mucosa. Biochem J 1995;308:551—7.
42. van Balkom BW, van Gestel RA, Brouwers JF, Krijgsveld J, Tielens
AG, Heck AJ, et al. Mass spectrometric analysis of the Schisto-
soma mansoni tegumental sub-proteome. J Proteome Res
2005;4:958—66.
43. Bentley GN, Jones AK, Agnew A. Expression and comparative
functional characterisation of recombinant acetylcholinesterase
from three species of Schistosoma. Mol Biochem Parasitol
2005;141:119—23.
